1. Introduction {#sec1}
===============

Blast, such as that produced by explosive devices, has become a frequent cause of injury in both military and civilian populations ([@bib11], [@bib76]). Injuries from blast wave overpressure are a source of uncertainty in that they often lack clinically apparent signs and can be insidious, only presenting themselves after other injuries have been managed ([@bib4], [@bib8], [@bib48], [@bib64]). Detection, management, and prevention of blast injury has become an active area of study in blast literature, and more clinical diagnoses can be attributed to the effect of blast overpressure than in the past ([@bib8], [@bib75]).

Traumatic brain injury, including blast-induced neurotrauma (BINT), is the "signature injury" of U.S. soldiers involved in recent conflicts in Iraq and Afghanistan ([@bib39], [@bib50], [@bib57], [@bib63]). Blast exposure may cause BINT through multiple pathways such as direct passage of the blast wave through the skull, compression of the torso resulting in transfer of the blast wave\'s kinetic energy to the brain via hydraulic oscillations within the vasculature, and hypoxia through over-activation of the parasympathetic nervous system ([@bib10], [@bib14], [@bib23], [@bib49], [@bib57], [@bib72]). The parasympathetic response, specifically, is hypothesized to be a result of hyperinflation of the lungs stimulating alveolar juxtacapillary J-receptors innervated by vagal fibers, leading to apnea then tachypnea, bradycardia, and hypotension, which in turn lead to a Bezold-Jarish reflex further deepening bradycardia and hypotension ([@bib10], [@bib46], [@bib84], [@bib85]). Another proposed mechanism suggests that the foramina of the skull (e.g., the acoustic meatus, optic canal, nasal cavity, or foramen magnum) can provide a conduit for the blast wave to enter the cranial vault in addition to the established mechanisms mentioned above ([@bib36], [@bib69], [@bib74]). The advanced combat helmet, the current helmet of the U.S. Army, uses layers of Kevlar and a foam suspension to protect the skull from penetrating and blunt-force injuries, but leaves the ears, eyes, nose, and mouth all exposed to the surrounding air, permitting pressure from a blast to interact ([@bib53], [@bib56]). Nonetheless, soldiers frequently wear little to no ear protection, citing a necessity for situational awareness through unhindered sound localization ([@bib1], [@bib7], [@bib20], [@bib43]). A perforated eardrum is the most frequently reported blast injury ([@bib11], [@bib19], [@bib24], [@bib25], [@bib31], [@bib32], [@bib35], [@bib44], [@bib47], [@bib52], [@bib60], [@bib64]). We hypothesize that energy from blast overpressure could enter the unprotected ear canal, traverse these soft tissues into the cranial vault, and directly impact the brain.

In this study, we tested the hypothesis that the ear provides a vulnerable locus for blast energy to impact the brain while causing acute autonomic responses typically observed in whole-body paradigms of blast exposure ([@bib34], [@bib46], [@bib70]). To do so, we developed a blast generator that delivers precisely controlled blast overpressure waves targeted to a small area of tissue, with minimal impact on the surrounding tissues ([Fig. 1](#fig1){ref-type="fig"}A). Though placing an animal in a "shock tube" is widely accepted to be the most accurate laboratory model of primary blast, i.e. the shockwave effect of blast ([@bib3], [@bib58]), there is not a feasible way to prevent the blast wave from causing flexion of the skull and compression of the torso that would introduce confounding factors in our study of the ear\'s role. Instead, our blast generator produces an overpressure wave similar to that of shock tube literature, but isolates the wave\'s impact to the ear and minimizes exposure of the rest of the body, including the lungs. This approach allows us to specifically study the ear\'s role in blast injury, minimizing confounding factors encountered when blast is delivered over the whole animal ([@bib9], [@bib54], [@bib82], [@bib83]).Fig. 1**The isolated blast generator.** A. Schematic of the blast generator. B. Waveforms of blast waves at different intensities. Note the primary change due to varying pressures of calibration is the peak overpressure while rise time remains stable. Total positive phase increases with increasing blast pressure, but negative phase time remains stable. Insert: "Ideal" blast wave in an open space (Friedlander waveform), adapted from [@bib33] for comparison. C. Input-Output regressions for sensor port peak pressure (empty circles) and actual blast pressure measured at the speculum (filled circles) at varying input pressures.Fig. 1

Blast-induced injuries to the organs of the inner ear are active areas of study using whole-body exposure paradigms ([@bib2], [@bib16], [@bib17], [@bib18], [@bib19], [@bib21], [@bib24], [@bib26], [@bib28], [@bib31], [@bib32], [@bib35], [@bib37], [@bib42], [@bib45], [@bib59], [@bib71], [@bib73], [@bib79], [@bib80]). However, to the best of our knowledge, this is the first study of the ear\'s specific contribution to the systemic autonomic responses induced by blast injury.

2. Materials and methods {#sec2}
========================

2.1. Animals {#sec2.1}
------------

Adult male Sprague--Dawley (SD) rats (Harlan Sprague--Dawley, Indianapolis, IN) weighing 250--500 g were used for this experiment. In total, 31 rats were used in this study; 22 Rats were used for the autonomic response measurements, and 9 rats were used for the subsequent vagal denervation study. Rats were assigned to exposure intensities randomly. All procedures were performed in accordance with NIH guidelines and approved by the Institutional Animal Care and Use Committee at the University of Mississippi Medical Center.

2.2. Blast wave generator and calibration {#sec2.2}
-----------------------------------------

A modified high-power airgun was used as the basis for the blast generator ([Fig. 1](#fig1){ref-type="fig"}A). All seals and connectors were replaced and/or reinforced with high-quality o-rings and poly-tetra-fluoro-ethylene (PTFE) tape to minimize unwanted pressure escape and increase repeatability. An M1-3KPSI digital pressure gauge (Crystal Engineering Corp. San Luis Obispo, CA) was connected to the air canister to measure input air pressure at a resolution of 0.1 PSI (0.7 kPa). The muzzle of the blast generator was threaded and an aircraft-grade aluminum t-fitting (Eaton, Dublin, Ireland) was affixed for use as a sensor bung. A high-frequency integrated-circuit-piezoelectric (ICP) pressure sensor connected to a signal conditioner (102B04, 480C02, PCB Piezotronics, Depew, NY) was installed in the sensor bung. The blast generator was installed on a stereotaxic frame (David Kopf Instruments, Tujunga, CA) using an adjustable multi-arm instrument holder. A 3.0 mm stainless steel speculum was attached to the instrument holder and held even with the level of the muzzle, leaving open space for excess blast wind to escape. For calibration, a second arm was attached holding another high-frequency ICP pressure sensor and adjusted such that the sensor was in the position of the rat\'s tympanic membrane (2.5 mm from the tip of the speculum). The blast generator was charged to 500 PSI (3447 kPa) input pressure, allowed to come to equilibrium, and then activated with both the bung sensor and the output sensor recording at 500 kHz. After the blast, the generator was given time to return to equilibrium and then activated again. This was repeated until the air canister was depleted (about 45 blasts). This process was repeated twice to verify repeatability. Each of the waveforms produced by the blast generator were then analyzed for rise time, total positive pressure time, maximum pressure, and return to baseline pressure. The blast pressures were linearly related to the input pressure as well as the bung pressure. Thus, desired blast pressure was achieved by adjusting the input pressure and was verified by the bung pressure.

2.3. Blast exposure {#sec2.3}
-------------------

Rats were maintained under 2% inhaled isoflurane anesthesia. Before blast exposure, a photograph of the left and right tympanic membranes was captured using a digital macroview otoscope (Welch-Allyn, Skaneateles Falls, NY) and evaluated for intactness and lack of erythema or effusion. If either factor was present, the rat was not used for this study. A PE-50 polyethylene catheter (Intramedic by BD, Franklin Lakes, NJ) was implanted in the left femoral artery and connected to a disposable transducer (Argon Medical, Athens, TX) for blood pressure monitoring. If a pulsatile waveform was recorded, the catheterization was deemed successful. If such a waveform was not present or if the catheterization was incomplete, the catheter was left in place and the experiment was carried out normally, but the blood pressure data was not recorded. Stainless steel 27-gauge subdermal needle electrodes (CareFusion, Middleton, WI) were placed at the ventral right shoulder, left shoulder, and left hip of the rat for electrocardiography using a D360 isolated patient amplifier (Digitimer, Ft. Lauderdale, FL). The rat was then laid in the right lateral decubitus position and a piezo transducer (Radio Shack, Ft. Worth, TX) was placed under the ribcage to detect inspiratory effort. The blast generator was lowered into the left ear canal, and the blast apparatus was rotated away to allow direct visualization of the speculum position within the ear canal using the digital macroview otoscope. The speculum was lowered further and the rat\'s head position adjusted until the head was held in place on the platform by the speculum, and the tympanic membrane was in the center of the speculum\'s line of sight. The blast generator was then rotated back into position and locked. Electrocardiography (ECG), pulse oximetry, piezo respiratory effort sensing, and blood pressure were continuously monitored prior to, during, and after blast exposure to evaluate the physiologic effects of the blast. The rats were monitored for stabilization of the heart rate and respiratory rate. One blast of varying pressure was delivered. At first, a wide range of blast pressures were experimented with (0--110 PSI). However, when it became evident that blasts of 50 PSI and above could be immediately lethal, the remaining blasts were performed below that threshold. Control rats underwent the same anesthesia, preparation, and monitoring, except the blast generator was not charged (0 PSI, or 0 kPa). After blast exposure and autonomic response recording, rats were sacrificed via intracardiac perfusion with 4% Paraformaldehyde in phosphate-buffered saline for tissue fixation for separate studies.

2.4. Vagus nerve cervical segment ligation and blast exposure {#sec2.4}
-------------------------------------------------------------

Rats were maintained under isoflurane anesthesia and placed supine on a feedback-controlled heating pad (FHC Inc. Bowdoin, ME). A midline incision was made on the neck and the fat and submandibular glands were retracted. The left sternocleidomastoid muscle was rotated laterally to expose the carotid sheath. The sheath was opened at the level of the thyroid cartilage and the vagus nerve bundle separated from the carotid artery and jugular vein using blunt dissection with fine forceps. A 4-0 silk suture was loosely tied around the nerve, which was then allowed to rest back under the sternocleidomastoid muscle. The contralateral nerve was then isolated in the same fashion. Once the cervical portion of the vagus nerve had been isolated bilaterally, the nerves were lifted using the suture, the sutures were tied tightly, and the nerves were cut using micro-scissors. An increase in heart rate when tying and cutting the nerves was used to verify adequate separation. Rats receiving sham surgery underwent the midline incision, retraction of fat and glands, and reflection of both sternocleidomastoid muscles, but the carotid sheath was not opened. Rats then underwent blast exposure as outlined above.

2.5. Data collection and analysis {#sec2.5}
---------------------------------

The blast sensor signal conditioners, blood pressure monitor, ECG amplifier, and respiratory rate monitor were connected to a CED Power1401 data acquisition system connected to a PC running CED Spike2 data acquisition and analysis software (Cambridge Electronic Design Limited, Cambridge, England). Respiratory rate and heart rate were computed as the inverse of the period between breaths and heartbeats, respectively. Baseline respiratory rate and heart rate were calculated as the mean rates for 1 min prior to blast exposure. Peak/trough respiratory rate and heart rate were defined as the highest or lowest value after blast exposure that was not due to a double/absent breath or heartbeat. Blast pressure was calculated using the bung pressure. Relationships were analyzed using linear regression and t-tests using SigmaPlot software (Systat Software Inc. San Jose, CA). P-value of 0.05 was used to determine significance of the results, expressed as mean ± standard error.

3. Results {#sec3}
==========

3.1. Blast waveforms and calibration {#sec3.1}
------------------------------------

The waveforms produced by the blast generator exhibited a rise time of 2.2 ± 0.3 ms and a total positive phase duration of 7.3 ± 0.5 ms ([Fig. 1](#fig1){ref-type="fig"}B), resembling the waveforms reported in the literature using shock tubes based on the Friedlander waveform, i.e., the ideal waveform produced by a blast in an open space ([Fig. 1](#fig1){ref-type="fig"}B insert) ([@bib15], [@bib30], [@bib33], [@bib54], [@bib74]). The output pressure was linearly related to the input tank pressure (P~Output~ = 0.12 × PInput+1.76, R^2^ = 0.997, p \< 0.0001) and the bung pressure (P~Output~ = 0.85 × PBung, R^2^ = 0.995, p \< 0.0001) ([Fig. 1](#fig1){ref-type="fig"}C). These relationships allowed us to deliver blast waves with the desired intensities.

3.2. Autonomic responses to blast waves delivered to the external ear canal {#sec3.2}
---------------------------------------------------------------------------

Blast waves delivered to the ear canal evoked well-defined autonomic responses in anesthetized rats. Exposure to a single blast wave of 50 PSI (345 kPa) or above through the ear canal caused an immediate and permanent apnea in some rats, resulting ultimately in death. [Fig. 2](#fig2){ref-type="fig"}A shows such an example: this rat had a stable respiratory rate of 35 breaths/minute before blast exposure, which dropped to 0 breaths/minute immediately after blast exposure and remained for 2 min, at which point the rat was sacrificed. Exposure to a single blast wave lower than 50 PSI (345 kPa), however, resulted in an increase in respiratory rate. [Fig. 2](#fig2){ref-type="fig"}B shows that exposure to a single blast shockwave increased the rat\'s respiratory rate from 28 breaths/minute to 40.2 breaths/minute (∼42.8% increase). The blast-induced increases in respiratory rate were linearly related to blast intensity (0.59% per PSI, R^2^ = 0.69, p \< 0.0001) ([Fig. 2](#fig2){ref-type="fig"}C). When it was found that blasts above 50 PSI had the potential to kill the rats outright, we refocused our efforts on survivable blast pressures (those below 50 PSI).Fig. 2**Respiratory rate responses to blast via the ear.** A. Apnea after a 53.0 PSI (365 kPa) blast in one rat. B. Respiratory rate increase after a 59.6 PSI (411 kPa) blast in one rat. C. Linear regression of blast intensity and respiratory rate change (R^2^ = 0.69, p \< 0.0001). Crosses are four rats that immediately stopped breathing after the blast. Circles are rats that survived the blast exposure.Fig. 2

Rats exposed to blast waves ranging from 2 to 110 PSI (14--758 kPa) exhibited an immediate decrease in heart rate that was more pronounced with increasing blast intensity. [Fig. 3](#fig3){ref-type="fig"}A shows a typical record of blast-induced changes in heart rate. The rat exhibited a stable heart rate of 230 beats/minute before blast, which decreased to 192.6 beats/minute (∼16% drop) and slowly recovered over the next several minutes. After the blast, the rat occasionally exhibited both extra and skipped beats, resulting in spikes in the instantaneous rate demonstrated on the graph. The decrease in heart rate was more pronounced for blasts with higher intensity (heart rate: −0.51% per PSI, R^2^ = 0.70, p \< 0.0001, [Fig. 3](#fig3){ref-type="fig"}B).Fig. 3**Heart rate responses to blast via the ear.** A. Heart rate decreased after exposure to a blast of 59.6 PSI (411 kPa). Spikes are due to occasional extra- and skipped-beats. B. Linear regression of blast intensity and heart rate change (R^2^ = 0.70, p \< 0.0001).Fig. 3

Rats exposed to blasts of 30 PSI and above exhibited an immediate decrease in blood pressure. Rats exposed to blasts below 30 PSI exhibited some variation in blood pressure, but those variations were not as pronounced as those above 30psi. [Fig. 4](#fig4){ref-type="fig"}A shows a record of blast-induced changes in blood pressure. Prior to blast, the rat\'s blood pressure was stable at approximately 120/80 mmHg. After blast, the rat\'s blood pressure dropped to approximately 45/20 mmHg and slowly rose over the next few minutes. Decreases in blood pressure were more pronounced for blasts with higher intensity (−1.07% per PSI, R^2^ = 0.88, p \< 0.0001, [Fig. 4](#fig4){ref-type="fig"}B).Fig. 4**Blood pressure responses to blast via the ear.** A. Blood pressure changes after exposure to a blast of 60 PSI (414 kPa). B. Linear regression of blast intensity and mean arterial pressure (MAP) (R^2^ = 0.81, p \< 0.0001).Fig. 4

Rats that were exposed to blasts of 10--50 PSI (69--345 kPa) did not display a statistically significant increase in P-R interval on ECG tracings. However, at higher pressures, some rats exhibited P-R interval prolongation with progressive heart beats until one QRS complex was dropped completely, indicative of a type 2 heart block with Wenckebach phenomenon ([Fig. 5](#fig5){ref-type="fig"}). Ultimately, some rats in 50 + PSI (345 + kPa) groups expressed complete desynchronization of P-waves from QRS complexes, indicative of a type 3 heart block.Fig. 5**ECG response to blast via the ear.** ECG signals before and after exposure to a blast of 109 PSI (752 kPa). P-R interval were prolonged with progressive heart beats until one QRS complex was dropped completely, indicative of a type 2 heart block with Wenckebach phenomenon.Fig. 5

3.3. Vagal nerve denervation {#sec3.3}
----------------------------

To test the role of the vagus nerve in the blast-induced cardiorespiratory responses, the cervical segment of the vagus nerve was ligated and severed bilaterally prior to blast exposure. Rats that received a vagal ligation and severance exhibited significantly less respiratory rate elevation and heart rate depression than the rats with intact vagus nerves (p = 0.015 and p = 0.001, respectively) ([Fig. 6](#fig6){ref-type="fig"}). The changes in respiratory rate and heart rate of the rats with ligated and severed vagus nerves exposed to 50 PSI (345 kPa) blasts were not significantly different from that of the intact rats exposed to sham blast (p = 0.431 and p = 0.281, respectively).Fig. 6**Vagal mediation of autonomic response blast via the ear.** Rats with bilateral vagus nerve denervation exhibited significantly less changes in respiratory rate and heart rate than the rats with intact vagus nerves (p = 0.015 and p = 0.001, respectively). Cardiorespiratory changes in rats with bilateral vagus nerve denervation were not significantly different from those in intact rats receiving 0 PSI (0 kPa) blasts (p = 0.461 and p = 0.281, respectively).Fig. 6

4. Discussion {#sec4}
=============

4.1. A novel targeted and repeatable blast model for elucidating tissue-specific responses to blast overpressure {#sec4.1}
----------------------------------------------------------------------------------------------------------------

We have developed a new blast generator that delivers blast overpressure energy specifically targeted a small area of tissue while minimizing blast overpressure on the surrounding tissues. It is highly adjustable and repeatable, and can be used to simulate blasts of varying overpressure intensities. The waveform of the blast closely approximates that of an ideal blast. We found that 15 PSI (103 kPa) was the 95--100% threshold of rupturing the rat tympanic membrane (TM), which was similar to the human values of 5--15 PSI (34--103 kPa) ([@bib68]). This innovative model allows us to study the ear\'s specific contributions to the overall spectrum of blast injury, in contrast to models that expose the entire body or head to blast. Though the "shock tube" is widely accepted as the most accurate laboratory model of primary blast, there is not a feasible way to protect the rest of the animal from the blast and exclusively expose the ears; thus we would not have been able to definitively say the response was due to the ear. The results gathered with this model show that blast exposure to the ear resulted in substantial cardiorespiratory changes and even death, demonstrating that the ear is a vulnerable site for transferring blast energy to the central nervous system, and that the autonomic response to blast is not dependent on the lungs\' exposure. This targeted-blast injury model could also be used to test other tissues\' specific contributions to blast injury, including the eye, nose, neck, and more.

4.2. Blast delivered solely to the ear has significant physiologic effects {#sec4.2}
--------------------------------------------------------------------------

Rats exposed to medium-to high-level blasts (those above 30 PSI) exhibited increased respiratory rate, decreased heart rate, atrioventricular block, and decreased blood pressure in response to blasts delivered exclusively to the rats\' ear canals. These results are similar to those seen in whole-body and whole-head exposure paradigms, where the prevailing hypothesis is that these autonomic responses are due to lung injuries ([@bib10], [@bib84], [@bib85]). One primary difference is that in our experiments the initial response was tachypnea, as opposed to apnea followed by tachypnea in whole-body exposure. This one difference is possibly due to our model not directly impacting the lungs, thus suggesting the apnea in other models is, indeed, due to initial blast injury to the lungs.

Lower-level blasts, e.g., those from 2 to 30 PSI, still resulted in tachypnea peaks and bradycardia troughs with slow recovery that would not be expected in rats under constant general anesthesia. However, only blasts at 30 PSI and above elicited a demonstrable hypotension response. This may represent a threshold where the blast impacts a new area of the brainstem, where the blast activates more vagal afferents in the ear canal, at which the autonomic response to blast overcomes the vestibulo-cardiac reflex, or other mechanisms may be in action. This is discussed further in section [4.3](#sec4.3){ref-type="sec"}.

If humans exhibit similar ear-mediated autonomic responses to a blast, it is very likely they would experience syncope, which could cause further injury and would limit their ability to seek safety. Additionally, these responses have been shown to induce hypoxemic injury to the brain ([@bib10]). Finally, blasts of this magnitude frequently also induce profound secondary and tertiary injuries, e.g., shrapnel penetration and blunt-force trauma, all of which could cause profuse bleeding and ultimately hemorrhagic shock ([@bib22], [@bib27]). In our tests, we show that blast experienced by the ear canal may inhibit responses typically mediated by the sympathetic and parasympathetic nervous system, e.g., heart rate and blood pressure. The sympathetic response is vital to surviving hemorrhagic shock, so victims of blast may be at greater risk of morbidity and mortality due to the combined effect of shock, sympathetic inhibition, and increased parasympathetic tone. Further investigation using this model in conjunction with a model of hemorrhagic shock may provide insight into the interaction between these processes.

4.3. Autonomic effects of ear-only blast exposure are mediated via the vagus nerve {#sec4.3}
----------------------------------------------------------------------------------

The vagus nerve has been shown to mediate autonomic responses to blast using thoracic and whole-body exposure models, so we also tested whether the ear\'s exposure to blast activates the vagal response ([@bib13], [@bib40], [@bib70], [@bib81]). We noted on ECG that some rats blasted at 50 PSI (345 kPa) and above experienced atrioventricular block immediately after blast exposure via the ear canal. That the blocks occurred acutely after blast exposure suggests that strong vagal stimulation may be inducing the blocks, and could also have a part in mediating the other physiologic responses. To determine the degree to which the vagus nerve mediates the physiologic response, we severed the cervical segment of the vagus nerve prior to blasts at the highest survivable pressures (∼50 PSI, or 345 kPa). Rats with intact vagus nerves displayed tachypnea and bradycardia, but those whose vagus nerves were severed exhibited responses that were not significantly different from intact rats receiving a sham blast. Thus, the vagus nerve plays a critical role in mediating the autonomic responses induced by blast to the ear.

The parasympathetic response to blast has been hypothesized to be a result of hyperinflation of the lungs stimulating alveolar juxtacapillary J-receptors innervated by vagal fibers, leading to apnea then tachypnea, bradycardia, and hypotension, which in turn lead to a Bezold-Jarish reflex further deepening bradycardia and hypotension ([@bib10], [@bib46], [@bib84], [@bib85]). However, in the present study we show that blast exclusively delivered to the ear also causes these autonomic effects, highlighting the unprotected ear\'s role as a vulnerable locus during blast exposure. There are at least two potential mechanisms that underlie the ear\'s role in the vagus nerve-mediated autonomic responses to blast. One is direct impingement of the blast shockwave on the central nervous system. The soft tissues of the inner ear and the vestibulocochlear nerve may provide a conduit of low resistance through the temporal bone, allowing the energy of the blast to transfer into the cranial vault. The internal acoustic meatus opens toward the brainstem, which contains centers implicated in cardiac, respiratory, and vascular function including the nucleus ambiguus, nucleus tractus solitarius, and the dorsal and ventral respiratory groups ([@bib51], [@bib61]). The complex neural damage which blast induces could cause activation, suppression, or disruption of transmission of these groups, leading to the respiratory elevation and cardiovascular suppression exhibited by our rats. This hypothesis is further supported by the occurrence of complete apnea in rats exposed to blasts higher than 50 PSI (345 kPa): a threshold above which the blast energy possibly completely disrupted motor output to the diaphragm.

A second potential mechanism underlying the blast-induced cardiorespiratory responses is activation of vagal afferents located in the ear canal. The auricular branch of the vagus nerve (ABVN) innervates portions of the ear canal, the cymba of the concha, and the tragus of the ear, and projects to the nucleus tractus solitarius (NTS) ([@bib5], [@bib29], [@bib62]). The NTS, in turn, may activate the baroreflex by activating the caudal ventrolateral medulla, which inhibits the rostral ventrolateral medulla, ultimately inhibiting the sympathetic nervous system ([@bib6], [@bib38], [@bib55]). Histologic and electrophysiological studies investigating neuronal activation, inhibition, and damage in these areas may help elucidate the precise mechanisms of injury.

Stimulation of the vestibular system can result in activation of the sympathetic nervous system ([@bib41], [@bib66], [@bib65], [@bib67], [@bib77], [@bib78]). Due to the overwhelming parasympathetic responses seen in our animal model, vestibular stimulation by blast may play a role in tempering the responses we see in this model. Specifically, since hypotension is only reliably elicited by blasts of 30 PSI or above, this may represent a threshold above which the other mechanisms of blast affecting the autonomic responses overcomes this vestibulo-cardiac reflex. Electrophysiological studies of the vestibular response to blast may help elucidate the mechanisms of the autonomic responses.

4.4. Support for necessity of ear protection in blast-prone environments {#sec4.4}
------------------------------------------------------------------------

Soldiers frequently wear little or no ear protection, citing a necessity for situational awareness through unhindered sound localization ([@bib1], [@bib7], [@bib20], [@bib43]). If the hypotension induced in our rats by high-intensity blast via the ear canal also occurs in humans, it would likely induce syncope, preventing an individual\'s ability to react to threats, seek safety or help, or treat themselves until help arrives. Additionally, the autonomic response to blast, now shown to be contributed to by the ear\'s exposure, has been shown to induce hypoxic brain injury ([@bib10], [@bib12]). Finally, very high-pressure blasts via the ear canal induced a permanent, lethal apnea in our rats. It should be noted that this experiment is conducted in anesthetized rats, which may have different autonomic responses to blast compared to humans in real-world blast exposure. Nonetheless, the degree to which the respiratory rate, heart rate, and blood pressure could be affected by a blast suggest that the unprotected ear could present a vulnerability to blast not covered by existing head and torso protections.

This vulnerability highlights the necessity for wearing ear protection in blast-prone locations, such as battlefield or industrial environments, not only to protect hearing, but also to protect the wearer from ear-conducted blast-induced neurotrauma or other injury. These data further reinforce the importance of development of advanced ear protection that would allow users normal or enhanced hearing acuity and localization while still protecting the brain from the blast shockwave via the ear canal and acoustic meatuses.
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